The paper presents a panel-based robotic mannequin for garment fitting. This robot can deform the shell panels and change their positions to simulate different consumers' body shapes. Then it will replace consumers to try on the clothes remotely, so as to avoid the troubles caused by geographical location. This paper mainly introduces the structural design and optimization of a new fitting robot, which comprises the optimization of the shell panels, the design of the mechanical structure, and the optimization of the control system. Furthermore, to obtain the fitting results of different body postures, we design a detachable arm structure. Based on the above work, we develop a new prototype of the female robotic mannequin. The testing results show that the accuracy of the deformation and the stability of the whole structure are improved. The fitting robot can accurately simulate most of the female human bodies and smoothly complete the remote fitting process. It can be applied to garment ecommerce, personalized customization and virtual fitting.
Introduction
In recent years, with the rapid development of Internet technology, online shopping systems and logistics systems have gradually improved. Online shopping has become a part of daily life. According to the statistics, B2C e-commerce sales volume in US amounted to 394 billion dollars in 2016, of which clothing transactions were 63 billion dollars. In the same year, B2C e-commerce sales volume in China was 378 billion dollars of which clothing transactions accounted for 21.5%. Statistics show that the clothing trade has a very large proportion in the huge Internet retail market. However, when buying the clothes online, consumers can not try on them personally. They can only buy clothes according to previous experiences and recommendations. But due to the errors of measurement and the difference of the manufacturers' standard, consumers often buy unsuitable clothes, which leads to more and more return problems. Statistics show that the return rate of many online clothing retailers is greater than 30%, of which about 70% is caused by the unsuitable sizes. The return of goods wastes the time of both consumers and retailers, and greatly increases the operating costs, storage pressure and workload. Due to the fitting problems, online shopping loses its convenience and greatly hinders the development of the online clothing retail. A fitting robot system can effectively solve the above problem. It replaces the consumer to finish the fitting process remotely. And the fitting results will be fed back to the consumer as the reference to make a better choice.
Another application of the fitting robot is garment customization. With the improvement of living standards, people begin to pursue personalized clothing. So, more and more consumers choose garment customization. However, customization needs the measurement of the consumer's physical data. During the process, customers need to try on the Fig. 1 The fitting process of the female fitting robot The service process of the fitting robot is shown in Fig. 1 . The consumer inputs the body parameters through the user interface. The body data is transmitted to the control system through the network. The control system transforms the data into the command information that the stepper motors can receive. Then the stepper motors drive the mechanical structure to achieve the simulation of different human bodies, so as to replace the consumer to try on the clothes remotely. And then the fitting results will be fed back to the consumer as the reference.
In this paper, after analyzing the problems of our previous design (Guo et al., 2016) , we develop a new robotic mannequin that has deformable panels and stable structure. The main contributions are:
(1) Optimization of shell panels:
The shape of the shell is optimized and the block design of the panels is improved. Each shell panel is divided into two layers, and the outer layer adopts a soft material to simulate various shapes. (2) Design of mechanical structure:
The range of deformation is expanded and the transformation time is reduced to 6 s. The structural strength and installation accuracy are improved. (3) Design of a detachable arm structure:
The size of upper arm is variable and the lower arm can be installed or removed quickly according to requirements. (4) Optimization of control system and interactive interface:
The circuits are integrated by using C51 chips. A self-locking part is added to avoid deformation deviation. A mathematical human model is built in the interactive interface as the reference for the deformation of the robot. Guo, Zhang, Feng, Lin, Xiao and Li, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.4 (2018) 
Related work
With the development of computer graphics, computer vision and digital technology, many clothing manufacturers and research teams start to use the methods of virtual fitting to solve the problems during the fitting process. There have been many virtual fitting products, such as HaoMaiYi Company's virtual fitting room (Accessed on April 5, 2017), Metail Company's virtual fitting website (Accessed on March 23, 2017) and Fits Me Company's virtual fitting platform (Accessed on April 5, 2017). The virtual fitting system needs garment models and human models. At present, many scholars have proposed a series of fabric modeling methods, simulation methods (Choi et al., 2005; Goldenthal et al., 2007; Lee et al., 2010; Zhou et al., 2008) and human modeling methods (Chen et al., 2015; Chu et al., 2010; Izadi et al., 2011; Kasap and Magnenat-Thalmann, 2011; Zollhöfer, 2011) . But the establishment of a model still takes a lot of time. Because of the diversity and complexity of the fabric, there is a big difference between the simulation results and the real effects. These unnatural results cannot convince customers. And many consumers do not accept that their own bodies are presented on the screen in a concrete form (Kim and LaBat, 2013) . Due to the above reasons, virtual fitting has not been widely used. Compared with virtual fitting, the results of fitting robot resemble to the actual fitting. Furthermore, fitting robot can also be combined with the virtual fitting.
Nowadays, more and more researchers are beginning to focus on people's life and they are committed to the design of service-oriented robots. And with the coming of intelligent life, the design of robot for remote service has become a hot topic. In this paper, we introduce the design of a panel-based fitting robot for the remote fitting service.
At present, there are several companies and research institutions are working on the fitting robot. For example, Abels and Kruusmaa (2009 , 2013a , 2013b , and Kruusmaa et al. (2010) developed a female mannequin. They have made a set of three mannequins in different size to cover most of the human body. And the robot only has the upper body. Chan and Peng (2015) , Peng et al. (2011), and Peng (2013) have designed an interactive robotic mannequin for fashion industry, which focuses on the design of the abdomen according to feminine morphological characteristics. But the shells are made of hard material, so the robotic mannequin can only simulate limited shapes and sizes of the human body. Kantawong (2015) developed a man tailoring dummy robot to apply to the modern tailoring room services. But it only has 15 shell panels and these panels are also made of a hard material. So, there is a certain difference between the deformation result and the real person. Cheng and Nan (2013), Li et al. (2013) also designed a robotic mannequin that mainly focuses on the design of the mechanical structure and kinematics simulation. But the robot does not have a smooth continuous surface, so its physical characteristics are really different from a real human body. Chen et al. (2014) , Chen (2014) , Liu (2014) , Xi et al. (2013) designed a Multi-aerocyst flexible robot. The shape of the aerocyst is similar to the human muscle tissue, but it is difficult to control its size and shape.
All in all, the existing fitting robots still have some problems. To make the fitting robot work well, we design a panelbased fitting robot on the basis of our previous works (Guo et al., 2016) . It has deformable shell panels, stable structure and detachable arm structure. The robot can change ten important parameters and simulate most of the female body accurately and quickly.
Design of the shell panels 3.1 Optimization of body shape
According to the test results of the previous version, we found that the chest circumference of the previous shell meets the requirements, but the chest shape is a little flat. Therefore, when reproducing the 3D model of the robot's shell, we mainly optimize the shape of the chest part. The human body model is built by using the characteristic-based modeling method. First of all, we draw 38 key cross-section lines of a human body in the Rhino software, which is based on the data of a standard human model whose bust size is 84 centimeters. In order to get better results, we focus on the adjustments of the cross-section lines of the chest part. Then the cross-section lines are imported into the Pro/Engineer software, and they are used to generate the smooth surface. And then the three-dimensional surfaces of the trunk, arms and neck are connected smoothly by using a blend method. Finally, a shell model of a human body is created. The optimization results of the shell shape can be seen clearly in the side and top views of the new version in Fig. 2 .
Optimization of shell panels
The optimization of shell panels means that the whole shell is redivided according three aspects. Firstly, we have considered the problems of the previous version. For example, the neck panels are too long, which causes the lower end of the panels to protrude. The number of shoulder blocks is not enough, when the shoulder width becomes larger, the Guo, Zhang, Feng, Lin, Xiao and Li, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.4 (2018) distance between adjacent shoulder panels is too large, which leads to the obvious step phenomenon. Secondly, we have considered the distribution of human body's muscles. For example, the larger muscles of the left front shoulder are the trapezius and deltoid, so the shell of the left front shoulder is divided into 2 pieces. The panels of the right front shoulder are symmetrical to that of the left front shoulder. The back mainly consists of trapezius in the middle and latissimus dorsi on both sides, so the shell of the back part is divided into 3 pieces. The front side of the upper-arm has a large biceps and the back side has a triceps, so the shell of the upper-arm is divided into 2 pieces. Thirdly, we have considered some regularities of human body's shape variation. For example, the increasing rate of the front part of the human body is different from that of the back part. In addition, the chest, the upper-arm, the front abdomen, the side waist, and the buttocks of the female body are positions where fat storage is large and where the fat storage usually changes a lot. So, these parts need to be separated.
By analyzing the distribution of a human body's muscles, some regularities of human body's shape variation and the existing problems of the previous version, we redesign the panels. The neck and the shoulder part are completely separated to prevent the lower end of the neck panels from affecting the fitting effect. In addition, we deal with the sharp parts of the shoulder and the chest panels. The number of the shoulder blocks is increased from 4 to 8. The chest part is divided into 5 pieces and the waist part is divided into 6 pieces. The total number of panel blocks is increased to 29. The design of the shell panels and the comparation of the two versions are shown in Fig. 2 . 
Delamination and installation of shell panels
If the shell panels are made of a hard material, they not only limit the body shape that the robot can simulate, but also cause the step phenomenon which makes the transition between the shell panels unsmooth. That will affect the fitting results. Therefore, we adopt a double-shell to solve the problem. It includes an outer shell of soft material and an inner striped shell of hard material. The two shells are fixed together. The outer soft panels are used to simulate the shape of the human body. The inner panels are made of hard plastic and they are in the form of ribbon. On the one hand, the inner panels make the soft panels a curved shape. On the other hand, they connect the panels with the mechanical structure through push-rods.
We adopt three kinds of soft materials and make three sets of shell panels with each material respectively. These three materials are PVC foam plastic whose Shore A hardness is 25, silica gel whose Shore A hardness is 50, and foam silica gel whose Shore A hardness is 40. The inner hard panels are manufactured directly by 3D printing. In order to make the outer panels, firstly we convert each 3D panel into a 2D panel at a 1:1 ratio by using the method of surface expansion (Li et al., 2005) . The conversion result is shown in Fig. 3 . Then the foam PVC plastic board is cut according to the 2D Vol.12, No.4 (2018) panels. The planar panels are deformed into curved surfaces by splicing and sticking up the incision of the panels, and finally the shell panels are obtained. The deformation between different parts of the body is interactive. To make the deformation of the robot more reasonable, we install elastic plastic sliding pieces between the adjacent panels by using hollow rivets. They are used for connecting adjacent shell panels. The schematic diagram and application examples of three connection modes are shown in Fig. 4 . When the size of the robot is changed, the outer panels are moved under the direct drive of the mechanical structure, and the rivets on each corner of the panels move along the chutes of the elastic pieces. The distances between adjacent panels are changed. The two adjacent panels and the sliding piece connecting them are mutually constrained. The sliding piece moves and bends under the action of two panels, and the adjacent two panels form a smooth curved transition due to the constraint of the sliding piece. The use of the elastic plastic pieces makes the transition between the panels smoother and the overall deformation more natural. When the robot changes from a large size to a small size, sometimes few rivets do not move inward along the chutes of the sliding pieces, and we have solved this problem by installing small springs between these screws. Fig. 4 The schematic diagram and the application examples of three connection modes between the adjacent shell panels.
The yellow square represents one corner of an outer panel. The blue piece represents the elastic sliding piece. The black point represents the hollow rivet. And the red straight arrow on a rivet refers to the moving direction of the rivet along the sliding piece at this moment. The curve arrow refers to the movement of the sliding piece with the movement of the rivets and panels.
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Design of mechanical structure
The internal installation space of the robot is small. The use of double-layer shell structure makes it narrower. But we need to place the whole complicated mechanical structure into it and the mechanical structure also needs a certain range of movement. So, the design of the mechanical structure is the biggest challenge.
The mechanism of the fitting robot consists of five parts including the neck part, shoulder part, chest part, waist part and hip part. According to the available space of the mechanical structure, the distribution of the shell panels and the preset range of deformation, we design each part of the mechanical structure using Solid Works software. We simulate the assembly of the mechanical structure and the shells with the reference of the central bar. And then we design the shape and size of all push-rods according to the assembly results. The push-rods connect the mechanical structure and the hard-shell panels. The hard-shell panels and the push-rods are connected by means of slot. Compared with the previous slide mode, the installation of the slot connection mode is more accurate and stable.
The design of the mechanical structure is greatly improved in the following aspects:
(1) The deformation range of each part is enlarged through expanding the minimum size and the maximum size.
(2) All push-rods are installed at the same height on the mounting platform. The design is more reasonable and the structure is stronger. The design result and installation result of the mechanical structure and the hard panels is shown in Fig. 5 . (3) The number of the stepper motors is increased to 21 and the push-rods is increased to 31. So, the deformation of the robot is more accurate. The DOFs of the robot are marked in Fig.5 . (4) The transformation time of ten parameters is reduced to 6 s. (5) The design is more reasonable and the structure is stronger. The pendulous problems of the chest structure and the shoulder structure are solved.
The deformation of the shoulder is greatly different from the one presented in our previous paper (Guo et al., 2016) . We redesign the mechanical structure and deformation mode of the shoulder. The number of shoulder blocks increases from 4 to 8. Two parameters including shoulder width and shoulder thickness can be changed. So, the mechanical structure of the shoulder becomes more complex. We simplify the shoulder structure as far as possible by using a twostage installation platform to achieve 3 deformation movements. In this way, the radial height of the shoulder structure can be reduced to avoid the interference between the chest structure and the shoulder structure. Fig. 5 The design result and installation result of the mechanical structure and the hard-shell panels. The left part is the 3D model of the whole mechanical structure with partial shell panels that designed in SolidWorks software. The middle part is the perspective view of the installation of the mechanical structure and the hard-shell panels, and the right part is the back view. The red arrows represent the DOFs of the robot. Guo, Zhang, Feng, Lin, Xiao and Li, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.4 (2018) Figure 6 shows the schematic representation of the mechanical structure of the shoulder part. The first stage of the installation platform carries all structures of the shoulder. The movements of the second stage of the installation platforms change the shoulder width. The movements of the push-rods change the shoulder thickness. All the second stage platforms are driven separately. Fig. 7(a) shows the initial shape of the shoulder part. When we input a bigger parameter of the shoulder width, the second stage platform A, B, C, D first move outward a certain distance. Then the second stage platform A and the second stage platform B move outside in a certain distance again. The above two movements change the shoulder width. The deformation result is shown in Fig. 7(b) . Based on the change of the shoulder width, the pushrods move outward a certain distance driven by the motors, which change the shoulder thickness. The change of the shoulder thickness is shown in Fig. 7(c) . 
Optimization of control system
Besides the mechanical structure, the fitting robot also includes a control system, an electrical system, an interactive interface, and a rotating camera system. As for the control system, we make the following improvements:
(1) The circuits are integrated by using C51 chips. The additional 2 drivers, 4 shell panels and 6 push-rods make the circuit board more complex. But the area of the circuit board is only 30cm 2 by using C51 chips. It can control 5 boards of drivers at the same time. Guo, Zhang, Feng, Lin, Xiao and Li, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.4 (2018) (2) A mathematical human model is adopted as the reference for the deformation of the robot. First of all, we use the binary regression equation to build the human mathematical model. And then we use the shoulder width, the chest circumference, the waist circumference, the hip circumference, the height and other parameters to calculate the positions of key points. Therefore, the robot can deform in accordance with the positions of these key points. (3) The computer communicates with the Arduino Mega board via the Bluetooth Transparent Module. The whole control system is integrated by using Arduino Mega board and C51 chips. (4) A self-locking part is added for the deformation of the fitting robot to prevent the pressure of the clothes or other external forces from causing deformation deviation. Compared with the previous control system, it has the advantages of smaller volume, faster driving speed and more stable performance.
A parametric human model is used in the interactive interface. When the user inputs the height, the neck circumference, the shoulder width, the chest circumference, the waist circumference, the hip circumference and other parameters in the interface, the parametric human model will be deformed in real time. If the user is satisfied with the effect, the deformation instruction will be sent to the control system. After finishing the whole fitting process, the fitting results will be shown on the interactive interface in the form of pictures. The fitting results provide a reference for the user's choice, which enhances the accuracy and effectiveness of remote fitting.
Results
After finishing all the work of design and simulation, we produce a new prototype of the female fitting robot. As we adopt the soft material to make the outer shell panels, the robot can imitate variable types of the female body. And the transition between panels is smoother. The problem of signal delay is also solved. The response time of the control system to the mechanical structure is 1s. The robot includes 29 outer shell panels, 21 drivers and 31 push-rods. It has 3 radial screws to change the height. There are 34 degrees of freedom. The mechanical structure is more stable and the deformation effect is more natural.
We assemble the internal structure including the chassis, the center frame, the installation platforms, the mechanical structure, the circuit boards, and the electrical structure. For the production of the shell panels, we first use foam PVC plastic whose Shore A hardness is 25. After several tests, we find that panels change freely when the robot has a deformation. But foam PVC plastic is too soft, it is difficult to keep the surface shape when the robot has a large deformation. Then we use silica gel whose Shore A hardness is 50 to make the outer panels. The surface of the shell panel of silica gel is relatively smooth. But it is a little hard, when the deformation is large, the shell panels have wrinkles. Therefore, we try foam silica gel as the material of the outer panels whose Shore A hardness is 40. The installation result of the prototype is shown in Fig. 8 . The use of the soft material solves the problem that hard-shell panels' shapes are fixed, especially for the waist part. The simulation results of two different waist shapes are shown in Fig. 9 . Fig. 8 The prototype that equipped with the panels of foam silica gel Guo, Zhang, Feng, Lin, Xiao and Li, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.4 (2018) Fig. 9 Simulation results of two different waist shapes After testing, the results show that the fitting robot can flexibly change the neck circumference, the shoulder width, the shoulder thickness, the upper arm circumference, the chest circumference, the waist circumference, the hip circumference, the shoulder-chest height, the chest-waist height, and the waist-hip height, which can simulate many different body shapes and sizes. Figure 10 shows the ten key sizes that the robot can change accurately and Table 1 shows the deformation range of each key size. For example, the chest circumference can change from 84cm to 117cm continuously and the waist circumference can change from 64 cm to 88cm continuously. The error of body simulation is less than 1 cm, which can fully meet the requirements of the garment industry for trying on clothes. Guo, Zhang, Feng, Lin, Xiao and Li, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.4 (2018) Figure 11 shows the imitation examples of three different body shapes. Fig. 12 shows the fitting examples of two different body shapes that wear the same piece of clothing. After finishing the dressing process, the fitting results are displayed on the interface, so that the consumer can have a reference to make a choice. The feedback of the results enriches users' interactive experience, and thereby makes users trust the remote dressing. Fig. 11 Imitation examples of three different body shapes Guo, Zhang, Feng, Lin, Xiao and Li, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.4 (2018) 
Conclusion
In this paper, we introduce the optimization of the shell's shape, the design of the shell panels, the stratification of the shell, the choice of material, the design of the mechanical structure and the optimization of the control system. On the basis of the above work, we have designed a new panel-based female fitting robot. Its structure is more stable than the previous version. With the adoption of soft material to make outer panels, the robot can simulate most of shapes of female bodies. It can effectively achieve remote dressing, which has a great significance for the development of the garment industry and the future way of fitting.
Although the fitting robot can flexibly simulate most shapes of female bodies, there are some problems due to the complexity of the whole system. For example, the circuit boards are not packaged, so they are easily damaged. Because of lacking stress measuring system, the robot will continue to complete the preset deformation even though the pressure of the clothes is extremely high.
In order to apply the fitting robot to daily life maturely, we need to do the following works in the future:
(1) A comfort measuring system will be added to provide fitting data to consumers, which will make the fitting results more accurate and the deformation of the robot more reasonable. (2) The data of body sizes will be extracted from 3D body scanning result, and then the data will be used to drive the deformation of the fitting robot directly. (3) The key parameters of human body will be extracted from users' photos and the parameters will be used to drive the deformation of the robot. (4) A database that contains the fitting results will be established for personalized size recommendation. Guo, Zhang, Feng, Lin, Xiao and Li, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.4 (2018) 
